We present large-scale reproducible fabrication of multifunctional ultrasharp metallic structures on planar substrates with capabilities including magnetic field nanofocusing and plasmonic sensing. Objects with sharp tips such as wedges and pyramids made with noble metals have been extensively used for enhancing local electric fields via the lightning-rod effect or plasmonic nanofocusing. However, analogous nanofocusing of magnetic fields using sharp tips made with magnetic materials has not been widely realized. Reproducible fabrication of sharp tips with magnetic as well as noble metal layers on planar substrates can enable straightforward application of their material and shape-derived functionalities. We use a template-stripping method to produce plasmonic-shell-coated nickel wedge and pyramid arrays at the wafer-scale with tip radius of curvature close to 10 nm. We further explore the magnetic nanofocusing capabilities of these ultrasharp substrates, deriving analytical formulas and comparing the results with computer simulations. These structures exhibit nanoscale spatial control over the trapping of magnetic microbeads and nanoparticles in solution. Additionally, enhanced optical sensing of analytes by these plasmonic-shell-coated substrates is demonstrated using surface-enhanced Raman spectroscopy. These methods can guide the design and fabrication of novel devices with applications including nanoparticle manipulation, biosensing, and magnetoplasmonics.
INTRODUCTION
Multifunctional substrates with integrated magnetic and plasmonic properties have witnessed increasing interest with applications including electromagnetic field manipulation, 1−3 enhanced molecular sensing, 4 and theranostics. 5, 6 Fabrication of these multilayered materials with nanoscale features, such as ultrasharp tips, remains a desired target. 7 Nanoscale features such as sharp tips can greatly influence the distribution of electromagnetic fields around them. 8, 9 Electrostatic fields near sharp conducting tips or edges exhibit a singular behavior due to the "lightning rod" effect. 10 Electromagnetic fields can also be tightly confined at sharp tips made with noble metals by "nanofocusing" incident free-space light via surface plasmons. 11, 12 These properties of metallic tips have enabled various applications in near-field optical microscopy, 13, 14 particle trapping, 15−18 and heat-assisted magnetic recording. 19 However, analogous applications based on sharp metallic tipdriven magnetic nanofocusing remain largely unexplored. Magnetic fields around a sharp ferromagnetic tip can far exceed the saturation magnetization of the material, leading to singular behavior near infinitely sharp tips. 20 When such ferromagnetic tips are coated with gold or silver shells, it is possible to combine strong magnetic fields with plasmonic effects. Therefore, optimal design and fabrication of ultrasharp tips with plasmonic and magnetic functionalities are highly desirable, yet reproducible, high-throughput fabrication methods have been difficult to achieve. Among many potential applications, biosensing can greatly benefit from the aforementioned combination of enhanced magnetic and optical fields. One of the major problems in surface-based biosensing is diffusion-limited transport of analytes to the sensing surface. 21−23 This increases the time taken for detection and reduces the sensitivity for lowconcentration analytes. Directed transport of analytes to the sensor surface via selective surface functionalization, 24 passive flow, 25−27 or actively using pressure-driven flow, 28 electrokinetic, 29−31 or magnetic methods 32 can improve detection sensitivity and speed. Among various options, magnetic forces work well with complex media, including conductive and nontransparent solutions like blood, enabling biomedical diagnostics. The localization and enhancement of the magnetic field gradient is of great practical importance for the rapid isolation and concentration of cells or biomolecules, 33−35 which are usually tagged to magnetic beads. The ability to run multiple tests simultaneously is also important, and requires large-area substrates with arrayed sensing regions. Although magnetic tips have been produced for magnetic force microscopy (MFM) applications, 36 integration of these isolated tips with substrates for optical sensing and array-based particle manipulation is not straightforward, indicating the need for alternative fabrication techniques.
Template stripping has emerged as a practical technique to mass-produce sharp metallic wedges and pyramids with high reproducibility. 37−40 The key advantage of this approach for tip fabrication is the ability to use crystalline-orientation-dependent wet etching of silicon wafer templates 41 to produce inverted pyramids or wedges with extremely sharp corners (∼10 nm radius of curvature) without using high-resolution lithography. Gold or silver deposited in these templates can be stripped out using an adhesive backing layer because of the poor adhesion between noble metals and oxidized silicon surfaces, resulting in pyramid or wedge structures with sharp tips. Non-noble metals that cannot be easily stripped from silicon templates directly can also be used in this method with the prior addition of a thin (∼10 nm) layer of gold or silver on the template to enable stripping. 42 Sacrificial silicon templates have been used previously to fabricate colloids of pyramidal nickel particles and thin gold and nickel wedges 37, 38, 43 by dissolving the silicon templates and then recovering the devices from the aqueous solution. This fabrication process can suffer from clumping in solution (for colloidal particles), fragility (for thin wedges), and lack of template reusability.
In this work, we employ a template-stripping technique to produce sharp nickel tips with gold or silver shells on a glass substrate from a reusable silicon template. We present analytical equations, numerical simulations, and experimental evidence to demonstrate the generation of localized, extremely strong magnetic fields and field gradients near the sharp tips of these substrates. Analogous to the electrostatic lightning rod effect, the equations show that as a magnetic tip or wedge becomes infinitely sharp, the field at the tip diverges. The gold-or silvercoated nickel structures can be used for trapping magnetic nanoparticles with nanoscale control over large areas and optical analysis such as surface-enhanced Raman spectroscopy (SERS).
EXPERIMENTAL SECTION
Fabrication of Sharp Nickel Wedge and Pyramid Arrays. To create a silicon template for wedges, we coated standard (100) silicon wafers with 200 nm thick low-stress silicon nitride (Si 3 N 4 ) using lowpressure chemical vapor deposition (LPCVD). Photolithography and dry etching were then used to remove nitride from the front of wafers to obtain rectangle-shaped areas with exposed silicon. The wafers were then dipped in a KOH bath where the silicon was anisotropically etched to obtain wedge-shaped grooves in silicon wafers (Figure 1a) . The process for fabricating silicon templates with pyramid-shaped grooves has been described in our previous work. 40 A layer of gold or silver (thickness 10 to 50 nm) followed by a layer of nickel (thickness 125 nm) were deposited on the wafers using electron-beam evaporation (Figure 1b) . The gold−nickel bilayer films were then template-stripped using optical adhesive (NOA 61, Norland Products, Inc.) and attached to a glass slide (Figure 1c) .
Numerical Simulations. COMSOL Multiphysics 4.4 was used along with the AC/DC module (magnetic fields, no currents) to perform numerical simulations of several models relating to the analytical calculation and experimental conditions. A 2D approximation of a wedge was used. A Gaussmeter (GM 2, Alphalab Inc.) was used to experimentally measure the strength of the NdFeB magnet (ND040−52NM-4C, CMS magnetics, cylindrical shape with 0.5 in. diameter and 0.5 in. height) that was placed below the wedges and pyramids during experiments. The external magnetic field B was measured to be 4300 G (or 0.43 T) 1 mm above the surface of the magnet to account for the thickness of the glass slide on which the wedge and pyramids were template stripped. This magnetic field value was applied to the model by creating a magnetic potential drop vertically across the modeling region. The nickel material was modeled using a B−H curve from the available nonlinear magnetic materials in Synthesis of Silver-Coated Magnetic Polystyrene Beads. Silver-coated magnetic polystyrene beads were synthesized using a polyol reduction method with minor modifications. 44 Magnetic polystyrene beads (300 nm diameter) were obtained from Spherotech (FCM-02556−2). A small sample of beads (100 μL) were pelleted from their initial suspension (1% w/v) using a 0.5 in. diameter neodymium magnet (CMS Magnetics), then resuspended in ethylene glycol. This process was repeated, then the beads were suspended in 125 μL of ethylene glycol containing 0.25 M AgNO 3 and 0.35 mM polyvinylpyrrolidone-40 (PVP-40). The bead suspension was vigorously mixed with a vortex mixer then placed in an oven at 100°C for 20 h with intermittent vortexing. After 20 h, the beads were vortexed, then sonicated for 3 min in a bath sonicator at room temperature. The beads were separated from the reaction solution by magnetic pelleting followed by discarding of the supernatant. Next the beads were resuspended in 300 μL of ethanol, triturated with a 100 μL Eppendorf pipet and vortex mixed. This process was repeated twice more, and then 700 μL of ethanol was added to make a 1 mL suspension of silver-coated magnetic polystyrene beads.
Functionalization of Silver-Coated Magnetic Polystyrene Beads. The silver-coated beads were functionalized with 4-mercaptopyridine (4-MP) as follows. In a small Eppendorf tube 180 μL of the silver-coated beads were mixed with 20 μL of a 20 mM 4-MP solution in ethanol, resulting in a final 4-MP concentration of 2 mM. The beads were incubated in this solution overnight, then washed 3 times by magnetic pelleting, discarding of supernatant, and resuspension in 200 μL of ethanol. The beads were then transferred to aqueous solution by magnetic pelleting, discarding of supernatant and resuspension in deionized water. This process was repeated two more times. 
RESULTS AND DISCUSSION
The process for fabricating plasmonic shell-coated sharp nickel wedges and pyramids using a template-stripping process is shown in Figure 1a −c. Glass slides with arrays of sharp metallic wedges or pyramids are obtained. A cross-sectional scanning electron micrograph (SEM) of a single wedge is shown in Figure 1d . Another SEM shows a bird's-eye view of array of wedges in Figure 1e . A zoomed-in side-view of one of the wedge tips can be seen in Figure 1f . The radius of curvature of the tip measured by SEM was approximately 10 nm. Such sharp tips were observed for 10 as well as 50 nm of deposited gold ( Figure S1 ). Pyramids were similarly fabricated using silicon molds with pyramidal trenches (Figure 1g, h) .
On account of nickel having ferromagnetic properties, the substrate can be magnetized under the influence of an external magnetic field. Substrates were magnetized using a Neodymium Iron Boron (NdFeB) magnet (ND040−52NM-4C, CMS magnetics, cylindrical shape with 0.5 in. diameter and 0.5 in. height). The degree and nature of the magnetization of the fabricated structures by the external magnetic field was explored using analytical calculations and computer simulations. First, we derived an analytical formula describing the magnetic field for an infinitely long 2D wedge with an infinitely sharp tip for the region near the tip. The cross-section of the wedge was a triangular shape with magnetic metal thickness at the tip region t, which is small compared to the base width of the triangle, as illustrated in Figure 2a .
We used the first-order Taylor expansion to obtain the magnetic scalar potential Φ m , and the magnetic field component along the y axis, H y . 10 For uniform saturation magnetization, the contribution to the field is only from the surface. (1)
where b is the distance of the observation point from the tip, w is the half-width of the base of the triangular structure, β is the wedge half angle, t denotes thickness of the wedge, M is the magnetization magnitude of the wedge, and H y is the magnetic field strength normal to the base of the structure. For points in the regions very near the tip, b ≪ w.
Using the parameter values from our fabricated wedges, assuming the magnetization to be saturated (483 000 A/m) in the vertical direction from the tip, and adding the background field from the NdFeB magnet (342 000 A/m), we calculated magnetic field strength H y as a function of distance as shown in Figure 2b . The magnetic field rapidly decreases and is inversely proportional to the distance from the tip. It should be noted that for an infinitely sharp 2D wedge, the magnetic field H y diverges at the tip (b = 0), even though the saturation magnetization and thus the effective magnetic surface charge is finite. Similarly, we can also obtain the analytic form for a 3D cone with triangular cross section, which can approximate the pyramidal tip produced via template stripping. For points very near the tip, b ≪ w.
Comparison of eqs 3 and 4 shows that a perfectly cone-shaped 3D tip can generate a maximum field that is π times larger than the 2D wedge tip for the same tip half angle β. For templatestripped wedges and pyramids, the tip half angle β is fixed at 70.52/2 ≈ 35.3°, which is determined by the crystallographic orientation of {111} facets in silicon. 41 To better understand the behavior of the magnetic field around the fabricated wedge structures, which has a finite radius of curvature, COMSOL Multiphysics software was used to perform numerical simulations. 2D models were created to simulate a wedge structure with varying tip radii. A 0 nm radius tip was modeled for comparison with the analytical model, a 10 nm radius tip was modeled to represent our experimental conditions, and a 100 nm radius tip was modeled for comparison with a blunt tip. Maps of the resulting fields H are shown in Figure 2c −e and become progressively weaker near the tip as the radius becomes larger (i.e., the tip becomes blunt). The dependence of H y on the vertical distance from the tip can be seen in Figure 2f for all the three cases as well as the analytical case, after including the background field from the NdFeB magnet (342 000 A/m), which is still present in experiments. The numerical calculation for 0 nm radius suggests divergent behavior, but the power dependence of H y on y differs from the analytic result, presumably owing to the usual numerical problems near a divergence and the lack of perfectly vertical magnetic saturation in the wedge ( Figure S2 ).
Further calculations were performed to determine the effect of the tip geometry on the magnetic field gradient, ∇H. The tip and base regions of the wedges and pyramids have a high spatial gradient, which upon magnetization of the substrate, translates into a highly localized and strong magnetic field gradient. A base 10 logarithmic plot of ∇H generated for a 2D wedge model shows intense magnetic field gradient zones near the tip and base regions (Figure 2g, h) . Figure 2g , h shows orders of magnitude difference in |∇H| close to the wedge base and tip respectively, as compared to neighboring regions and the whole modeling window ( Figure S3 ). The logarithmically-scaled arrows indicate the direction of force experienced by a magnetic particle in the vicinity.
Localized and intense magnetic field gradient near the sharp tips of these nanostructures can be used for rapid and directed capture of magnetic particles. Calculations based on the magnetic field gradient values obtained from computer simulations can help us realize our ability to capture magnetic nanoparticles on these substrates. Even though we have shown that the substrates can be fabricated with top metal layer thickness as low as 10 nm, we performed the calculations and trapping experiments for a system which is more relevant for plasmonic sensing, i.e., 50 nm gold or silver on top of nickel. Substrates with a minimal top metal layer covering the nickel should improve the trapping efficiency of the system, as the magnetic field and field gradient values decrease the further we move away from the nickel tip. However, thicker noble metal films are usually needed on plasmonic substrates for efficient propagation of surface plasmon polaritons (SPP) on the surface, which have a penetration depth of approximately 30 nm in gold or silver films in the visible wavelength regime. 45 Hence, we performed calculations for trapping of magnetic nanoparticles (300 and 30 nm diameter) on substrates with 50 nm gold and silver as the plasmonic shell.
The force on a particle with magnetic dipole m in a magnetic field can be written as
Where μ 0 is the permeability of the surrounding medium (in our case, gold and a water solution where the relative permeability ∼1). 46 Because these nanoparticles are known to be superparamagnetic for our applied magnetic field of 0.43 T (field measured from the NdFeB magnet), the magnetic dipole is assumed to be saturated where m is constant and parallel to H, so we can rewrite eq 5 as
Where S is the number of Bohr magnetons, μ B . ∇H was determined from the numerical simulations (Figure 2h) to have a value of ∼1 × 10 12 A/m 2 in the downward direction in the region 50 nm above the tip (next to the gold), which is where the edge of a trapped particle would be located. For the 300 nm particles (FCM-02556−2, Spherotech), the composition was 12% γ-ferric oxide (γ-Fe 2 O 3 ) by volume, which yielded S ∼ 1.5 × 10 8 Bohr magnetons per particle assuming 2.2 Bohr magnetons per Fe atom. As a reference, we determined the threshold force necessary to overcome Brownian motion for our 300 nm particles to be F th ≈ (k B T/2r p ) = 14 fN (k B is Boltzmann's constant, T is the temperature (300 K), and r p is the particle radius) whereas the force experienced by the beads 50 nm above the nickel tip was 1700 pN, thus demonstrating the simple capture of the 300 nm particles. As a rough approximation for the 30 nm particles (Nanocs Inc.), we assumed the same Fe 2 O 3 properties as for the 300 nm particles and estimated the threshold force to be 0.14 pN and the applied force to be 1.7 pN. Our calculations show that even with 50 nm gold or silver layer on top of the nickel, the tipenhanced magnetic field gradient generated by these structures should allow us to trap these nanoparticles.
For tip-enhanced magnetic trapping experiments, a drop of water containing suspended fluorescently tagged magnetic beads was placed on top of the template-stripped wedge or pyramid region. Magnetic particles of various sizes (1.6 μm, 300 nm, and 30 nm) were used for these experiments. The device was placed on an upright microscope stage and a magnet was brought in contact with the bottom surface of the glass. The larger particles (1.6 μm and 300 nm) were trapped within seconds of the application of an external magnetic field. Rough calculations showed that the applied magnetic force for the 30 nm nanoparticles was within about an order of magnitude of their threshold trapping force, and we waited about 30 min after placing the external magnet to allow for their capture. Bright-field and confocal fluorescence images were collected, 48 using a custom built microscope, for all the cases. The magnetic particles can be seen trapped at the tips ( Figure 3 ) and base regions of the wedge structures ( Figure S4 ). These experiments show that magnetic particles ranging from microns to tens of nanometers in diameter can be trapped on these planar glass substrates over user-defined areas of arrayed nanostructures with nanometer-scale precision. This can be performed using a droplet-based method or in combination with microfluidic channels. Many applications can be foreseen including on-chip preconcentration, spatially controlled particle assembly, and targeted delivery of molecules toward plasmonic hot spots.
Nickel pyramids were also used for magnetic trapping and it was even possible to trap a single 300 nm nanoparticle at the tip (Figure 3d ). Interrogation of individual units of a system can provide further details about their behavior such as in-sample variation as compared to studying agglomerates. Trapping of individual particles is particularly important when combined with tip-based analytical sensing, giving us control over the number of analytes being interrogated by the sharp pyramidal tip. Our experimental results demonstrate tip-based trapping of magnetic nanoparticles, indicating strongly localized and enhanced magnetic fields as expected from theory and computational modeling. We can further increase the force experienced by the beads by applying stronger external magnetic fields, using materials with stronger saturation magnetization such as Co or NiFe, fabricating even sharper tips, 47 or reducing the thickness of the top gold/silver layer. A potential application of this technique is to improve the sensitivity of plasmonic sensors. Magnetic beads tagged with analyte molecules can be concentrated on these sharp metallic tips or bases. As the wedges and pyramid substrates are coated with gold or silver, they can be used as plasmonic sensing substrates for concurrent SPR or SERS detection. To demonstrate this, we coated the 300 nm magnetic beads with layers of silver nanoparticles. 44 These beads were then tagged with 4-mercaptopyridine (4-MP), which forms a monolayer on the silver surface via covalent thiol-metal bonds (Figure 4a ). These Ag-nanoparticle-coated beads were found to be excellent SERS substrates by themselves. The 4-MP tagged magnetic particles were trapped on three different substrates to test for The results show that a higher Raman signal was obtained from the beads trapped on the silver-coated nickel wedges as compared to those on glass slides or Al 2 O 3 -coated wedges (Figure 4b ). The signal intensities obtained from glass slides and Al 2 O 3 -coated wedge substrates were very similar, which is expected, as there is no enhancement from the substrate. For the particles captured on silver-coated wedges, the observed enhancement could be a result of generation of hotspots, which are nanoscale regions of intense electromagnetic field, between the wedge metal layer and silver nanoparticles on the magnetic beads. 49 The observed Raman enhancement is expected to be much higher if the trapped beads were not excellent SERS substrates themselves. The moderate SERS enhancement could also be a result of weak collection efficiency from the plasmonic hotspots on the wedge surface. For further Raman applications, plasmonic nanofocusing could be utilized to launch and confine surface plasmons at the sharp tips. [11] [12] [13] 50 Furthermore, these tips can combine strong magnetic fields and plasmonic hot spots for novel applications in magnetoplasmonics.
CONCLUSION
In summary, we have fabricated large-area multifunctional wedge and pyramid arrays directly onto planar substrates via template stripping. The integrated capabilities of these structures toward magnetic nanofocusing, trapping as well as plasmonic sensing were then explored. Simple analytical equations were derived, allowing calculation of the magnitude of enhanced magnetic fields near sharp tips. COMSOL modeling revealed a similar trend for the magnetic field distribution close to the fabricated nanostructures. Tipenhanced magnetic trapping was shown using magnetic particles ranging from microns to tens of nanometers with nanoscale control over their localization. The force experienced by magnetic particles during these experiments was also analyzed, which can help design sensors with better understanding of the rate and efficiency of magnetic nanoparticle capture. This directed trapping can be used for various applications including concentration, isolation and analysis of analytes, 51 as well as cells, 52 and viruses. 53 Compared with electrokinetic or optical trapping methods, magnetic trapping is highly advantageous for handling biological samples, as it does not suffer from restrictions based on solution transparency or conductivity and does not cause any local heating effects, which may damage the samples. The fabricated substrates with periodically arranged nanostructures over a wide area can allow multiple droplet or microfluidics based experiments on the same chip with array-like analysis. 54 Integrated microfluidics may also enable shear force-based removal of unbound or weakly bound particles from the metal surface, allowing the substrates to be reused as well as for other particle trapping and release-based applications. We also showed that these plasmonic shell coated structures can be applied for optical sensing such as SERS. Future directions include applying these nanostructures for magnetic-field-aided optical 55 and electrochemical sensing. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsami.5b12157.
Images showing fabricated tip, simulated magnetization of the substrate, and particle trapping (PDF) modeling using COMSOL Multiphysics was performed through the University of Minnesota Supercomputing Institute.
